Abstract
Introduction
A widespread and simple method for preserving fruits and vegetables is drying. Due to novel, energy-efficient and rapid technologies, creation of new dried products, with unique characteristics, excellent rehydration rate, sensory preferred properties and high nutrition value becomes possible. Most commonly used technologies for drying are hot-air drying, freeze drying, osmotic dehydration, microwave-, and vacuum drying. The conventional thermal methods, including hot-air drying, vacuum drying, and freeze-drying, result in low drying rates in the falling rate period of drying [2, 16] . Using the conventional and new methods in different combinations results advantageous properties, for example higher drying rate and increased quality product.
Microwave vacuum drying (MVD) is one of the newest varieties of mild food manufacturing technologies. It is a rapid and efficient dehydration method, which yields unique characteristics, improved product appearance and quality, compared to conventionally dried products. [14] On national and international levels, there is intensive research and development activity for more wide-ranging application of MVD technology. The reason of the active interest in the use of this drying technology is the rapid drying and the special texture of the end products. The authors have been dealing with this technology since 2010, determining the optimal parameters of MVD combined with hot-air drying for creating a less-burned and low bulk density product. [4, 5] The aim of this present work was to study the chemical, physical and consumer-related differences between the products of hot-air drying, freeze drying and combined MVD. Chemical properties, such biologically active-and aromatic compounds, physical-rheological properties, and consumer-related properties, such as organoleptic-, and microbiological properties were investigated.
Drying rate
At foodstuff, the simultaneous usage of microwaves and vacuum causes faster drying rate compared to conventional drying methods, because of the same direction of heat-, and mass transfer. [12] 58 (2) The process of MVD can be divided into three periods. At the beginning, the microwave radiation almost completely turns into heat, causing continuously warming sample. The warming keeps going until the boiling point of the water, which is determined by the ambient pressure. The evaporation in this period is negligible. Compared to the hot-air drying, this phase is much more rapid. The next period is the intensive drying. The temperature of the sample is approximately constant, while the energy of radiation is being consumed by the moisture evaporation. During hot-air drying, the drying rate decreases continuously, while the MVD has no, or minimal drying rate reduction. The third period is characterized by decreasing intensity drying. The drying rate decreases, while also the more strongly bound water evaporates. In the conventional hot-air drying method, this is the most time-consuming period, taking away two-thirds of the total drying time. MVD has two significant advantages in this period: most of the moisture leaves in the isothermal period, and the diffusion of the evaporated moisture inside the sample is much faster than the diffusion of liquid moisture. [17] During MVD, the drying rate is affected by the total irradiated energy, the applied vacuum value, the sample mass in the vacuum chamber and their relations. High energy input and low pressure increases the rate of mass transfer, thus the drying rate, while more weight of sample per treatment decreases the drying rate. [10, 13] 1.2 Quality of product Compared to hot-air drying, the improved quality is achieved by the combination of microwave energy and vacuum. The electromagnetic microwave radiation penetrates the interior of the food, where it is converted to thermal energy and causes rapid warming. However, the vacuum reduces the boiling point of water, keeping the product temperature low, as well as creating a pressure gradient that enhances the drying rate. The microwave vacuum drying is less time-consuming, compared to air-and freeze-drying, which takes up to several days. [12] The microwave radiation is being applied cyclically, with moderately strong vacuum, which results in better product quality and energy efficiency. The unique, crispy, open cellular structure of the dried product, related to MVD is created by an expansive force by the in situ vaporization of water. This product is suitable for direct consumption as a smack, or can be consumed after storage and rehydration. The texture is created by the overheated moisture, which caused by microwave heating, and reduced boiling temperature by the vacuum. Steam is generated inside the material, which creates inner pressure, thus the puffing of the product. During drying, this process is somewhat controllable, because the strength of the structurekeeping force depends on the evaporation rate (thus indirectly on the energy input) and the pressure of the vacuum chamber. This puffing phenomenon occurs more intensively when the MVD process is preceded by hot-air drying.
Other advantage of the MVD over traditional drying methods is the greater retention of bioactive components of foods, for example antioxidants or vitamins, which are easily inactivated by oxidation or thermal degradation.
Attention should be paid to the smooth heat treatment and the apropriate drainage of the generated vapor. Their absence could result in unfavorable burning. The phenomenon starts with browning, presumably the Maillard-reaction, but finally results burnt, inedible products. The burning always starts from the inner material, reaching the surface only in a few cases, makes it hard to sense. The burning of the product can be avoided by moving the sample during drying, reducing its size, or reducing the intensity of the microwave energy.
1.3 Combined microwave vacuum drying with hot-air pre-drying During drying, fruits and vegetables have a critical point of dry mass content. If the moisture content is removed by conventional drying until this point, where only the free water leaves the sample, then the quality parameters of the product does not change. So, the combination of hot-air-, and microwave vacuum drying is more energy-and cost-efficient, and creates better quality product than using the technologies alone. [3, 7] 2 Materials and methods
Material
As raw material, Jonathan apple was used, because of its pleasant aroma and prosperous puffing tendency. The apples have been grown at Zsámbék (Hungary), and were purchased at the local market (Budapest, Hungary). The ovary of the apple was removed and then cut into 8mm thick slices.
Drying Methods 2.2.1 Hot-air drying
The prepared apple slices was hot-air dried in laboratoryscale drying equipment until full removal of moisture content. The L-MIM 320 type dryer has a volume of 400 dm 3 . The applied velocity and temperature was 9 m/s and 60°C. The drying process took about 14-20 hours, depending on the humidity level of ambient air and the initial moisture content of apple.
Combined microwave vacuum drying with hot-air drying
After the preparation, the sample was hot-air dried in the above-mentioned laboratory-scale drying equipment, and then microwave vacuum-dried for 30% and 2% moisture content (w.b.) respectively.
The microwave vacuum drying equipment has a cylindrical stainless steel vacuum chamber, with a conical dome for better vapor removal. The samples are hold in a rotary teflon tray. Microwaves are generated by two, 850W nominal efficiency magnetrons. The vacuum is kept constant at 50 mbar by a Fig. 1 . Biologically active compounds of dried samples vacuum pump, connected to the heat exchanger for vapor condensation. The cooling water for the heat exchanger is cooled by a compressor and kept circulating by a pump. For each treatment, 200 grams of pre-dried apple was dried. Intensive radiation was used in the beginning of the treatment, and then the intensity was continuously reduced. The radiation (active) and relaxation (passive) time was equal.
Freeze-drying
Freeze drying was done with a Leybold-Heraeus Lyovac GT2 type freeze drying equipment. The prepared raw apple is refrigerated to -20°C and then 100g was put to 4 heated sample-holding trays. The heating power is 50W per tray. The vacuum value was set to 60 Pa. The drying process took for about 36 hours, until the vacuum wasn't affected by the sublimated vapor. The moisture content of the samples was 2% (w.b.).
Measurement methods 2.3.1 Total phenolic compounds
The measurement of total phenolic compound was made with Folin-Ciocalteu reagent by Singleton et al. [11] .
Radical scavenging activity
The measurement of radical scavenging activity was made with DDPH free radical by Yamaguchi et al. [15] .
Aromatic compounds
The measurement of aromatic compounds in the samples was done with GC method. The applied device and detector was HP 5890, HP 5971 mass selective detector, RH-5 ms+ Colonna with 30 m length, 0,25 mm inner diameter and 0,25 µm film thickness. Carrier gas was helium. The applied temperature profile was 50 °C 4 minutes, 4 °C/minute 120 °C, splitless injection, 1 minute, detector 260 °C.
The identification of the compounds was made with Wiley 275 library. The literary Kovats-index was indicated. [8] 
Hardness measurement
The rheological test of the dried samples was done with a Lloyd Material Testing Instruments LR5KPlus type tenderometer, applied with TG84 type adapter. For the recording of data, Nexygen 4.0 software was used. The samples was held in a square-shaped container, perforated at the bottom and was pushed by a surface of 0,01 m 2 adapter. With constant pushing velocity, the device measures the mechanical resistance of the sample by the function of compression distance. The compression limit was 50 mm.
Organoleptic properties
Sensory test of the samples was done by a civilian group of 11 members by the following 5-point scale criterions: appearance, color, consistency, taste. The samples were compared by the criterions alone, and also by their averages.
Microbiological examination
Standard Salmonella, Listeria monocytogenes, aerobic plate count, fungi, yeast, E. coli and coliforms tests was performed on the dried products. Their water activity was measured by Novasina LabMasteraw device on 25°C, with triplicates each. The device measures the electrolyte resistance of the samples. No sample preparation needed.
Results and discussion

Biologically active compounds
A similar trend can be observed in the total phenolic compound and radical scavenging activity (Fig. 1) . The combined MVD samples had the most amount of biologically active compounds, although the radical scavenging activity versus the hotair dried samples was not significant. Both values of biologically active compounds of freeze dried samples were inferior. This result is contrary to common view, because freeze drying is known to be a mild drying technology, but in some cases, the antioxidant activity in freeze dried samples were lower, than conventional 100°C air dried samples [9] . The higher values of biological active components at hot-air drying could be explained by the measuring method, which might be sensitive to compounds, formed by thermal treatment. Changa et al. [1] and Hossain et al. [6] found that total phenolics were higher in air-dried samples, than freeze dried ones. The explanation of the result was the liberation of phenolic compounds from the matrix during the process. This paper's result shows the advantageous effect of combined MVD on the compounds that are beneficial for health.
Aromatic compounds
The results of the aromatic compounds examination can be found in Table 1 .
Volatile aromatic compounds was kept by freeze drying, unlike hot-air and combined MVD methods. By comparing these two methods, it is concluded that MVD samples contained larger amount of less volatile components. The amount of hexil-2-methylbutyrate, which has relative high boiling temperature was almost three times more in freeze dried samples than MVD samples, and more than ten times more than in hotair dried samples.
The unknown compound with 18,774 s retention time is probably a furan derivative, related to heat treatment. Thus can't be found in freeze dried samples, while in the other two higher temperature related methods' samples, detectable quantity was measured.
The woody, sweet-scented alpha-farnezene carbohydrate had a detectable quantity only in the combined MVD samples.
By a sense of smell over the samples', the freeze dried samples had the most intensive smell, related to a high amount of volatile components. The MVD samples had a mild caramel scent due to the Maillard reaction. Fig. 2 shows the resistive force of the dried products against compression length. The apple product dried with combined MVD is hard and rigid. Due to the compression the samples occasionally cracked, causing sudden decrease of its velocity and the resistive force against the adapter. Hence the breaking points in the curve, which can't be found at the other two methods' curves. The hot-air dried and freeze dried samples' curves are steadily increasing. The hot-air dried ones are hard but elastic and have small volume. The freeze dried samples have soft consistency and less elastic, therefore their resistive force is significantly lower.
Hardness measurement
Organoleptic properties
For the appearance and the color, the freeze dried samples scored the highest followed by the combined MVD then the hot-air dried ones. The shape and color of the freeze dried samples most closely match the fresh apples. The combined MVD samples are a bit darker and have a bit lower bulk volume. The hot-air dried samples are the most dark and concise ones. As for the consistency and taste, the combined MVD samples were find out to be the best, due to the crispy texture and pleasant flavor. The evaluators resembled the freeze dried samples to puffed soft candy and the hot-air dried sampled was told hard to chew. The appearance was not an important factor for most of the evaluators, therefore the most consuming preferred sample was the combined microwave vacuum dried product (Fig. 3) . 
Microbiological examination
The examination showed that all of the samples' plate counts are at or below detection limit. The water activity of the samples is low enough that no significant microbial growth is expected (Tab. 2).
Conclusions
By the results from drying experiments with apples, it was successfully shown that combined microwave vacuum drying with hot-air drying is capable of creating a puffed crunchy product with more preferred sensory properties, than the dried products made with hot-air drying, or freeze drying. Moreover this preference, the product contains notable aromatic compounds, significantly more phenolic compounds and not significantly the highest antioxidant capacity, than the other two products. With proper, vapor-impermeable packing it has long shelf life due to microbiological stability. These properties make the combined microwave vacuum drying a strong competitor to hot-air dried or freeze dried products in many areas of food manufacturing. 
